Introduction
Anthropogenic cloud condensation nuclei (CCN) play a major role in determining cloud drop size distribution and precipitation forming processes. Much of the rainfall from convective clouds is initiated by drop coalescence. Clouds that form in air masses with higher CCN concentrations are composed of smaller droplets that are inefficient to coalesce into rain drops.
Therefore, large concentrations of CCN (excluding giant CCN) suppress the formation of warm rain [Gunn and Phillips, 1957; Twomey, 1977; Albrecht, 1989; Rosenfeld, 2000; Jayaraman, 2001; Ramanathan et al., 2001; Hudson and Yum, 2001; McFarquhar and Heimsfield, 2001; Yum and Hudson, 2002; Rosenfeld et al., 2001; Hudson and Mishra, 2007; Freud et al., 2008; Hudson et al., 2009] . Rainfall would be suppressed from clouds that do not grow to sufficient depth for warm rain initiation, but this does not necessarily decrease the rainfall amounts from much deeper clouds. This is because suppression of warm rain due to higher CCN concentrations can invigorate convection by releasing latent heat in the conversion from liquid to ice phase cloud particles; this can further increase cloud depth and cloud lifetime, and eventually may result in more precipitation [Andreae et al., 2004; Khain et al., 2005; Rosenfeld et al., 2008; Li et al., 2011] . Giant CCN (GCCN) particles of diameter >1 µm condense to form large cloud drops, that more easily coalesce with the smaller drops to become rain drops [Johnson, 1982; Beard and Ochs, 1993; Yin et al., 2000; Rosenfeld et al., 2002; Segal et al., 2004] . Thus, the GCCNs have the opposite effect to that of the small CCN particles on the onset of warm rain [Hudson et al. 2009; Arthur et al., 2010; Reiche and Lasher-Trapp, 2010; Hudson et al., 2011a] . Recent study by Gerber and Frick [2012] shows that GCCN significantly enhance rain in cumulus clouds only when cloud droplet concentration near its base N c is rather large, but GCCN have very little effect on rain in clouds developing in pristine air. The altitude above cloud base (D) at which warm rain initiates in convective clouds is defined here as the depth for warm rain (D * ). D is the clouds depth i.e. distance from the clouds base. Larger concentrations of CCN increase D * , whereas larger concentrations of GCCN decrease D * . Therefore, it is important to quantify the interplay between CCN and GCCN on D * and to establish the relationship of aerosol microphysical effects on clouds.
Theoretical studies show that the collision efficiencies of cloud droplets increase when the drop radius reaches 10 µm [Pruppacher and Klett, 1997] . Cloud drop effective radius (r e ) and its variation in convective clouds along the vertical dimension, has been shown to possess information about precipitation forming processes [Rosenfeld and Lensky, 1998 ]. r e is defined as where N and r are droplet concentration and radii, respectively. Greater D usually results in larger r e . At sufficiently large D (i.e. D*) r e = r e *, which is the threshold for precipitation onset according to aircraft measurements by Gerber [1996] , who found r e * to be 14 µm in marine stratocumulus. Rosenfeld and Gutman [1994] combined satellite retrieved r e and surface radar measurements to show r e * of 12 to 14 m. This was subsequently reproduced by the Tropical Rainfall Measurement Mission (TRMM) satellite [Rosenfeld, 1999 [Rosenfeld, , 2000 Rosenfeld et al., 2001; Rosenfeld and Woodley, 2003] . Lensky and Drori [2007] cloud parcels. Therefore, the adiabatic concentration of drops that are nucleated near cloud base and the adiabatic cloud water content, determine r v , the median volume radius of the cloud drops.
Due to the similar shape of the drop size distributions at different heights, there is a very tight relationship between r v and r e . Therefore, r e is determined to a close approximation by N ad and D [Freud et al., 2012] . The maximum N c near cloud base is closely related to N ad . Using aircraft measurements of convective clouds from very different climate regimes (including the data used in this study from 2009 during Cloud Aerosol Interaction and Precipitation Enhancement Experiment (CAIPEEX) phase I (hereafter CP-I) they showed that drizzle starts to form gradually in clouds with r e >10 m, but it accelerates rapidly to rain i.e., precipitation mass exceeding 0.03 g Kg -1 at r e ~14 m. Clouds over the Indian subcontinent are found to form few drizzle droplets when r e is approximately 10 m, but more significant drizzle occurs at r e >12 m with precipitation mass then exceeding 0.01 g Kg -1 . The rain rate increases sharply at r e *=14 m, at which precipitation mass exceeds 0.03 g kg -1 [Konwar et al., 2010; Freud and Rosenfeld, 2011] . Here we show the relationships between CCN, D * and r e * over India and its coastal waters.
Nearly 7.5 % of net Indian summer monsoon rainfall (ISMR) is due to heavy rainfall while 85% of net ISMR is due to low to medium rainfall. It is important to know how aerosol influences the convective precipitation processes albeit that the decadal ISMR trend is primarily governed by large scale dynamics and moisture inflow trends rather than aerosol trends [Konwar 6 et al., 2012a] . Since monsoon circulation is convectively coupled [Goswami and Shukla; 1984] understanding how aerosol and convective clouds interact is crucial. The cloud probes utilized in this campaign had round tip, the limitations of this type of tip are discussed in detail by Korolev et al. [2011] . Recent findings show that the shattering effect can cause artifacts of greater concentrations of small size ice hydrometeors when the CIP is exposed to mixed or ice phase hydrometeors [Korolev et al., 2011] . However, these problems did not affect the present study, which is focused on warm rain. The CDP measures N c of diameter 2.5 to 50 µm in 30 size bins while the Forward Scattering Spectrometer Probe (FSSP) measures N c of diameter 2.5 to 47 µm in 30 size bins. During CP-II, the FSSP measured the cloud droplets.
Results

Cloud Droplet Size Distributions of convective clouds
Here, we analyzed in detail, the hydrometeor images recorded in young growing convective clouds from their base to their tops, and identified the altitude at which precipitationsized particles were observed. We considered measurements of 25 growing convective clouds where warm rain was formed. These young convective towers were profiled vertically in 300-500 m steps, from cloud base up to cloud top or vice versa, to altitudes of 8 km. Only young developing convective clouds were selected for horizontal penetrations at 100-300 m below cloud top, so that the observed rain drops could not have fallen from much greater altitudes, but must have developed or formed within or close to the measured cloud volume. A schematic diagram illustrating the in-situ onset of warm rain process in convective cloud is shown conceptually in Figure 1 . This figure also shows how D* was measured. We consider rain liquid water content (RLWC) of the liquid hydrometeors (diameter of 50-1550 µm) and r e threshold as criteria for warm rain onset as measured by the CDP. For temperatures below 0°C only supercooled rain drops are considered. Drizzle drops, can initiate at r e =11 but more so at r e = 12 µm with a minimal initial amount of RLWC of 0.01 g/m 3 . We conservatively used the following criteria for initiation of rain formation when the first appreciable drizzle drops are formed; i.e.
RLWC> 0.01 g/m 3 and r e * >12 µm [Konwar et al., 2010; Freud and Rosenfeld, 2012] .
One of the major objectives of CAIPEEX was to study cloud microphysical properties in different environments over the Indian subcontinent. Large variability of aerosol optical depth is observed over the Indian subcontinent from MODIS satellite [Prasad et al., 2004] . There is also large variability in CCN concentrations (N CCN ) and thermodynamic conditions over the Indian subcontinent, which would produce variability in cloud droplet size distributions, D * and r e * . A tail of large drops that nucleate on GCCN can lead to earlier formation of rain drops [Johnson, 1982] . et al. [2004] suggested that aerosol distribution over IGP is bimodal but due to the increase in coarse mode aerosol, a third peak at 1 µm is obtained which may be due to the growth of dust particles at high relative humidity. The dust particles are transported from the middle-east and the Thar Desert in western India when westerly wind prevailed during the monsoon season.
Chemical analysis of aerosol collected over IGP indicated increases in mineral dust during the monsoon season [Ram et al., 2010] . Simulations carried out with NASA Global Modeling Initiative chemical transport model suggests that mineral dust through water absorption onto the surface of the particles can increase cloud droplet activation by enhancing its CCN activity [Karydis et al. 2011] . The cloud base DSDs over the AS on 5/7/2009 (Fig 2e) were characterized by a much larger tail than over the IGP on 25/8/2009 (Fig. 2c ) period, this implies the presence of GCCNs in the boundary layer, which were probably due to desert dust and sea salt particles.
The dust was transported from the Arabian Peninsula, and reduced the visibility over coastal waters off Mangalore to less than 5 km. DSDs grown in pristine conditions are shown in Fig 2f, where the cloud droplets grew faster and resulted in wide cloud droplet spectra just above cloud base. Such wide droplet spectra with different fall velocities favors collision, coalescence processes and early onset of warm rain.
Evolution of r e with respect to T
The growth of r e with respect to T is shown in Figure 3 . Precipitation initiated as super cooled rain droplets formed at ~ -8˚C over IGP regions. In contrast, over the AS, with only slightly lower cloud bases, warm rain formed at a temperature of 8˚C. In the convective clouds with higher cloud bases (~2.0 km) over land precipitation was initiated as supercooled rain at around -5˚C (see table I ). For clouds grown in the most pristine air over BoB, cloud droplets grew larger so that D* was only 0.40 km. The clouds over the BoB were found to precipitate at a relatively warmer temperature primarily due to being grown in pristine conditions.
Clouds over Silchar and Khasi Hills, which are located near to the wettest place on Earth in Northeast India (NEI), formed warm rain at 4 to 5 °C (not shown here), which is a warmer temperature than clouds over central India or IGP. This was observed despite relatively high N CCN over this region. The clouds over Silchar formed rain drops when r e * became ~15 µm.
While at another location Nagaon in NEI, warm rain formed at T* -3 °C where r e * was found to be ~14 µm (see table I ). T* is the temperature for onset of warm rain. Supercooled rain prevailed well above the 0 °C isotherm level in these clouds. The reason for these differences in T* is mainly due to the differences in cloud base temperatures. Freud and Rosenfeld [2012] showed that r e * is determined by N ad and by the adiabatic cloud water. N ad is determined by the CCN spectra and cloud base updraft. The adiabatic water is determined by cloud base temperature and pressure. The existence of T* near or below 0°C for most of the continental clouds grown in the polluted conditions, even when cloud base temperature is quite high (well above 20°C, see table I ), means that much of the precipitation over the Indian subcontinent was initiated as supercooled rain.
Control of CCN and GCCN on Warm Rain Depth
Initiation of precipitation may also be triggered by cold processes [e.g., Lamb et al., 1981] , but here we limit our study to the warm rain process where precipitation was initiated as rain drops, even when T*<0°C, where rain initiates as supercooled water. We investigated here there is a decrease in the ratio of N c /N 0.4% at higher N CCN . The non linearity between the N CCN and N c , which was predicted by Twomey [1959] , is due to the greater competition for available moisture at higher N c due to higher N CCN which thus lowers the SS. The SS is reduced by the greater surface area of the larger number of growing droplets when N CCN is higher [Hudson et al., 2010] . At higher N CCN , N c was closer to N CCN at lower SS while at lower N CCN , N c was closer to N CCN at higher SS. Hudson et al. [ 1984] suggested that effective SS occurs at the SS where N CCN equals N c . CDP and PCASP-FSSP measurement below cloud base, were used to estimate giant and ultragiant particle concentrations, which probably resulted in broad cloud base DSDs over AS 2012b] . In this study, the role of GCCN was inferred by the mass normalized reflectivity (m 6 m 3 ) of the cloud droplet spectrum at the base, The interplay between CCN and GCCN on D * is illustrated in greater detail in Figure 6 where it can be seen that with increase in N CCN , D * clearly increases. With increase in GCCN, as
represented by an increase in the mass normalized reflectivity, at the same NCCN, D * mostly becomes smaller. However, the importance of GCCN was more significantly realized over the marine polluted environment of the AS, where warm rain formed at 8˚C. It is to be noted here that this figure consists of convective clouds that occurred in conditions from pristine to polluted.
Convective clouds grew over the IGP region formed supercooled water at -8 °C found to be influenced by GCCN, though less substantially. It may be noted that during break or weak monsoon conditions over Indian subcontinent, high CCN concentrations can shut off warm rain, instead initiate mixed phase precipitation [Konwar et al., 2010] . Besides the aerosol effect on the onset of warm rain, updraft and mixing also have an important role. The cloud parcels are subjected to velocity fluctuations and mixings due to the presence of turbulence [Beard and Ochs, 1993] . Other than CCN, different cloud base updraft velocity and temperature could also lead to different supersaturation maximum, which could produce different N c . In this study we have shown the important role played by CCNs in delaying the warm rain process and GCCN's counteracting the effect of CCN to reduce the warm rain depth.
The above observational evidence indicates that higher N CCN increases D * while higher GCCN concentrations counteract it by reducing D * . During the monsoon season, the Indian subcontinent receives moisture due to the strong westerly and, southwesterly wind from the AS and southerly wind from the BoB. We investigated whether, D * has a relationship with the liquid cloud water path CWP (g/m 2 ), which is the amount of column cloud water obtained from Terra
Moderate Resolution Imaging Spectroradiometer (MODIS) [King et al., 1992] . For this, we considered the closest satellite measured CWP to areas over which the convective clouds were measured (table I) . A weak relationship exists between D * and CWP i.e. D * =3.66 -0.0032 CWP, with R = -0.19 and significant at 65% confidence level, indicates that with increase in cloud water availability in the atmosphere D * decreases slightly. This relation is probably real, because theoretical considerations imply that because r e at a given D should be larger for greater LWP with a given N c [Freud and Rosenfeld, 2012] . It is found that CWP has no meaningful relationship with N c or N CCN . It is shown by Li et al. [2011] for, the Southern Great Plains site in the USA, that N CCN has a weak relationship with wind speed and shear but no significant relationship with other meteorological parameters such as temperature profiles, dew point temperature, pressure, or humidity. The generation of GCCNs from the sea surface however increases with the increasing low level wind speed [Colón-Robles et al., 2006; Hudson et al., 2011b] .
Influence of Cloud drop Number concentrations on Warm Rain Depth
In the last sections, it was shown that with increase in N CCN the N c also increased (see which is in agreement with the finding of Twomey [1959] that may be attributed to the decrease in SS as the CCN compete for the available moisture in the cloud parcel [Hudson et al., 2010] . At higher N CCN , N c was closer to N CCN at lower SS while at lower N CCN , N c was closer to N CCN at higher SS  Increasing concentrations of CCN push depth for warm rain to greater heights non-linearly in the convective clouds. In extreme polluted cases D * exceeds 6 km.
In the most pristine case found over BoB rain initiates at a very shallow cloud depth of 0.40 km. This result is consistent with the theoretical result that aerosol pushes the depth for warm rain by Freud and Rosenfeld [2012] .
 The GCCN were found to decrease the depth for warm rain, counteracting the effect of small CCN. However this effect was secondary to the effect of small CCN, The effect of GCCN was quite significant at very high N CCN (polluted aerosol) over IGP. In the less polluted air masses with lower N CCN , the already low D* does not leave much room for the effect of GCCN of further lowering D*.
Recent study by Karydis et al. [2011] suggests that water coating on dust particles can enhance CCN activity. Over the AS where desert dust and sea salt are suspected to act as GCCN, the GCCNs are instrumental in forming rain particles at lower D*. The effect of GCCN found in this study is in agreement with Hudson et al. [2011a] and Gerber and Frick [2012] .
 The depth for warm rain initiation increased linearly with the drop number concentrations (N c ) which again indicates that with increase in N c the coalescence and collision efficiency decreases [Gun and Phillips, 1957] which is in agreement with the theoretical result of Freud and Rosenfeld [2012] . °E is expected to result in increasing r e which in turn increases contribution from low to medium rainfall [Konwar et al., 2012] . In contrast moisture content to the east of 80 °E is expected to decrease r e and respectively decreases low to medium rainfall. 
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